For aquaculture of marine species to continue to expand, dietary fish oil (FO) must be replaced 21 with more sustainable vegetable oil (VO) alternatives. Most VO are rich in n-6 polyunsaturated 22 fatty acids (PUFA) and few are rich in n-3 PUFA but Camelina oil (CO) is unique in that, besides 23 high 18:3n-3 and n-3/n-6 PUFA ratio, it also contains substantial long-chain monoenes, 24 commonly found in FO. Cod (initial weight ~1.4 g) were fed for 12 weeks diets in which FO was 25 replaced with CO. Growth performance, feed efficiency and biometric indices were not affected 26 but lipid levels in liver and intestine tended to increase and those of flesh, decrease, with 27 increasing dietary CO although only significantly for intestine. Reflecting diet, tissue n-3 long-28 chain PUFA levels decreased whereas 18:3n-3 and 18:2n-6 increased with inclusion of dietary 29 CO. Dietary replacement of FO by CO did not induce major metabolic changes in intestine, but 30
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Proximate composition 127
Diets were ground prior to determination of proximate composition according to standard 128 procedures (AOAC, 2000) . Moisture contents were obtained after drying in an oven at 110 o C for 129 24 h and ash content determined after incineration at 600 o C for 16 h. Crude protein content was 130 measured by determining nitrogen content (N × 6.25) using automated Kjeldahl analysis (Tecator 131 Kjeltec Auto 1030 analyzer, Foss, Warrington, U.K), and crude lipid content determined after 132 acid hydrolysis followed by Soxhlet lipid extraction (Tecator Soxtec system 2050 Auto 133
Extraction apparatus, Foss, Warrington, U.K). 134
Lipid content and fatty acid analysis 135
Samples of liver, intestine and skinned and deboned flesh (white muscle) from three fish per tank 136 (9 per treatment) were utilized for lipid analysis, with samples from the three fish per tank 137 prepared as pooled tissue homogenates and so there were three replicate pools of three fish per 138 treatment (n = 3). Total lipid was extracted according to the method of Folch et al. (1957) . 139
Approximately 1 g samples of pooled tissues were homogenized in 20 ml of ice-cold 140 chloroform/methanol (2:1, by vol) using an Ultra-Turrax tissue disrupter (Fisher Scientific, 141 Loughborough, U.K.). The non-lipid and lipid layers were separated by addition of 5 ml of 0.88 142 % (w/v) KCl and allowed to separate on ice for 1 h. The upper non-lipid layer was aspirated and 143 the lower lipid layer dried under oxygen-free nitrogen. The lipid content was determined 144 gravimetrically after drying overnight in a vacuum desiccator. Fatty acid methyl esters (FAME) 145 were prepared from total lipid by acid-catalyzed transesterification at 50 o C for 16 h according to 146 the method of Christie (1993) . Extraction and purification of FAME was carried out as described 147
by Tocher and Harvie (1988) . The FAME were separated and quantified by gas-liquid 148 chromatography (Carlo Erba Vega 8160, ThermoFisher Scientific, Hemel Hempsted, UK) using 149 a 30m x 0.32 mm i.d. capillary column (CP Wax 52CB, Chrompak, London, U.K.) and on-150 column injection at 50 o C. Hydrogen was used as carrier gas and temperature programming was 151 from 50 o C to 150 o C at 40 o C min -1 and then to 230 o C at 2.0 o C min -1 . Individual methyl esters 152 were identified by comparison with known standards and by reference to published data 153 (Ackman, 1980; Tocher and Harvie, 1988) . Data were collected and processed using Chromcard 154 for Windows (version 1.19). 155
RNA extraction 156

Results 251
Growth and biometry 252
The juvenile cod showed a 5-fold increase in weight over the course of the feeding experiment 253 (Table 4 ). There were no significant differences between treatments for any of the growth and 254 feeding performance parameters although there was a trend for growth performance to increase 255 with CO inclusion up to 66% with fish fed diet C66 showing highest final weight, SGR and TGC 256 and lowest FCR. In general, very high and variable lipid content was observed in liver, as is 257 typical of farmed cod which normally present enlarged fatty livers (Morais et al., 2001 ). There 258 were also trends for increased HSI and VSI, as well as liver lipid contents with CO inclusion but 259 only intestinal lipid content was significantly higher in fish fed diet C66 compared to fish fed diet 260 C0 (Table 4) . 261
Diet and cod tissue fatty acid compositions 262
The fatty acid compositions of the feeds reflected the increasing content of CO, with decreasing 263
proportions of total saturated fatty acids, mainly 14:0 and 16:0, and total monoenes, specifically 264 16:1 and 22:1, although 18:0, and 18:1n-9 increased (Table 2) . It was noteworthy that the level of 265 20:1 was constant across the feeds indicating that the 20:1 content of the FO (a northern 266 hemisphere oil) was balanced by the 20:1 content of CO. In contrast, LOA (18:2n-6) and ALA 267 (18:3n-3) and their immediate elongation products, 20:2n-6 and 20:3n-3 respectively, increased 268 with dietary CO inclusion whereas the LC-PUFA, including arachidonic acid (20:4n-6; ARA), 269 eicosapentaenoic acid (20:5n-3; EPA) and docosahexaenoic acid (22:6n-3; DHA) all decreased. 270
The overall effect on dietary PUFA levels was increased total n-6 PUFA, n-3 PUFA and total 271 PUFA, but decreasing n-3/n-6 ratio ( Table 2 ). The fatty acid compositions of the cod tissues 272 reflected those of the feeds with liver (Table 5) , intestine (Table 6 ) and muscle (Table 7) all 273 characterized by generally decreasing proportions of saturated and monounsaturated fatty acids, 274 and increasing proportions of PUFA as dietary CO inclusion increased. These effects were due to 275 decreasing proportions of 16:0, 16:1n-7, 18:1n-7, 22:1, ARA, EPA and DHA, and increased 276 proportions of 18:1n-9, LOA, ALA, 20:2n-6 and 20:3n-3, which together resulted in decreased 277 tissue n-3/n-6 PUFA ratios as CO inclusion increased (Tables 5-7) . 278
Expression of fatty acyl elongase and desaturase in liver and intestine 279
The expression of a fatty acyl elongase (elovl5) and desaturase (Δ6des) in the liver and intestine 280 of Atlantic cod fed increasing levels of CO was assessed by RT-qPCR (Fig. 1) . Changes in the 281 relative expression of both genes in fish fed the three diets containing CO, in relation to the C0 282 diet, were not significantly different. In the case of elovl5, expression ratios were around 1 in 283 both intestine and liver in fish fed all diets, denoting no change in transcript levels. In liver, in 284 spite of a high biological variability, a trend for higher expression of Δ6des in fish fed C66, 285 followed by C100, in comparison to fish fed C0 (2.4-and 1.8-fold up-regulated, respectively), 286 was observed, whereas such a trend was not evident (only 1.2-fold up-regulated in C66) in the 287 intestine. 288
Transcriptomic analysis of intestinal tissue 289
Statistical analysis of the microarray data returned a list of 289 features differentially 290 expressed in the intestine between cod fed C0 and C66. Genes in this list were categorized 291 according to their biological function, by determining the main biological processes in which 292 they are involved in mammalian counterparts. Distribution of the EST's, after removing non-293 annotated genes (36%) and features representing the same gene product (Fig. 2) , revealed that the 294 most affected biological processes or categories were translation (18% of all genes), cell 295 proliferation, differentiation and apoptosis (14%) and genes with a structural molecule activity 296 (12%), followed by transporter activity (9%) and immune response (7%). In contrast, metabolism 297 appeared to be less affected, with 6% of the genes involved in proteolysis, 5% involved in energy 298 metabolism or generation of precursor metabolites and 4% in lipid metabolism. Other minor 299 categories represented were regulation of transcription (4%), signalling (4%) and protein folding 300 (3%). A more detailed analysis of the list was restricted to the top 100 most significant hits, 301 which presented a broadly similar distribution of genes by biological categories, with translation 302 (25%) and cell proliferation, differentiation and apoptosis (20%) predominating, followed by 303 structural molecules (9%) and immune response (9%) ( Table 8) . 304
Gene ontology (GO) enrichment analysis was performed on the entire significant dataset. This 305 enabled identification of GO terms significantly enriched in the input entity list compared to the 306 whole array dataset, providing evidence for which biological processes may be particularly 307 altered in the experimental conditions being compared. The analysis returned 208 significant GO 308 terms at p<0.05. However, most of the GO terms were interrelated and many of them were 309 significantly enriched largely due to the repetition of multiple features for the same gene, either 310 apolipoprotein A-IV (apoA-IV) or creatine kinase (CK) (Table 8) . Nonetheless, some GO terms 311 could be considered as significantly enriched by the presence of multiple genes. With respect to 312 molecular function, the term "actin binding" was significantly enriched (adjusted p-value: 313 1.825E-4), containing features corresponding to myosin heavy chain, tropomyosin alpha-1 chain, 314 actin alpha cardiac muscle 1, cofilin 1 (non-muscle), ectodermal-neural cortex (with BTB-like 315 domain) and transgelin ( 
RT-qPCR validation of microarray results 330
The expression of selected genes was measured by RT-qPCR in order to validate the 331 microarray results (Table 10 ). These genes were selected from within the categories that were 332 more highly represented in the top100 most-significant list. In general, changes in expression 333 levels were subtle, as in the microarray analysis, which explains why differences in transcript 334 levels between fish fed diets C0 and C66 determined by RT-qPCR were not always statistically 335 significant. However, a good match between the fold changes measured by microarray and RT-336 qPCR results was found for most genes related to cell proliferation and apoptosis, such as tumor 337 protein p63 regulated 1-like (tprg1l), retinoic acid receptor responder protein 3 (rarres3), 338 translationally-controlled tumour protein homolog (tctp) and caspase 3 (casp3), even if 339 differences assessed by RT-qPCR were only significant for rarres3 and casp3, these being 7.8-340 and 1.9-fold up-regulated, respectively, in the intestine of fish fed diet C66. In contrast, no 341 agreement was found between the fold changes measured by microarray and RT-qPCR in genes 342 related to translation, namely, elongation factor 1-alpha (elf1a), 60S ribosomal protein L13 343 (rpl13) and eukaryotic translation initiation factor 3 subunit F (etf3f). However, good agreement 344 was found for the gene coding for the structural protein tropomyosin alpha-1 chain (tpm), which 345 was 1.5-fold up-regulated in diet C66 in both the microarray and RT-qPCR analysis, although 346 RT-qPCR did not confirm the microarray results for other structural genes, tektin-4 (tekt4) and 347 cadherin 3 type 1 (cdh3). 348 imbalanced with overly high n-6/n-3 ratios, particularly in the developed countries (Simopoulos, 383 2006) and, although production of fish containing high levels of EPA and DHA should be a 384 major goal in aquaculture, a product with a high n-3/n-6 ratio is still desirable even if some of the 385 n-3 PUFA is ALA rather than EPA and DHA. In comparison to EPA and DHA, ALA is inferior 386 as a component of fish flesh, but it is preferable to LOA (Whelan, 2008) . 387
In order to directly address the question of whether cod have the capacity to up-regulate the 388 LC-PUFA biosynthesis pathway in response to increasing levels of CO, the expression of fatty 389 acyl desaturase (Δ6fad) and elongase (elovl5) genes, which have been shown to be 390 transcriptionally regulated, and correlated with enzymatic activity, in Atlantic salmon (Zheng et 391 al., 2004 (Zheng et 391 al., , 2005 , was measured by RT-qPCR. Results in both liver and intestine showed no 392 significant nutritional regulation of elovl5 in cod fed CO. In liver, a trend for higher Δ6fad 393 expression in the two treatments with higher levels of FO replacement, particularly C66, in 394 comparison to the C0 diet was noticeable, but biological variability of the data was high and the 395 results were not significant. A previous study on the nutritional regulation of these genes in cod 396
showed that dietary FO replacement by VO tended to increase the expression of both Δ6fad and 397 elovl5 in hepatocytes and enterocytes, but there was high biological variability and so only elovl5 398 in enterocytes was significant, although there was no significant effect on LC-PUFA biosynthesis 399 The microarray analysis identified translation, cell proliferation or differentiation and 420 apoptosis, as well as structural molecules, as the biological categories in cod intestine most 421 highly affected by dietary CO. Surprisingly, lipid metabolism and metabolism in general were 422 little affected by changes in diet formulation, changes that were exclusively in lipid composition. 423
The main observed effect was up-regulation of apoA-IV in the intestine of cod fed the C66 diet. 424
In humans and rodents this protein is mainly found free in plasma but is also a major component categories that was over-represented. Genes in this functional category included tropomyosin 500 alpha-1 chain, myosin heavy chain, actin alpha cardiac muscle 1, cofilin 1, ectodermal-neural 501 cortex and transgelin, which were 1.4-to 1.8-fold up-regulated (except actin, which was 1.2-fold 502 down-regulated) in cod fed diet C66. Changes in the expression of these genes indicate likely 503 modifications in the structural composition of smooth muscle, possibly affecting contractile 504 activity or motility of the intestine. Genes with similar biological function, including tropomyosin 505 and myosin, were down-regulated in Atlantic halibut intestine in response to partial soybean meal 506 replacement of fishmeal (Murray et al., 2010) . In that study, genes coding for structural proteins 507 were regulated in a coordinated matter with others involved in muscle physiology, such as 508 creatine kinase (CK), which was also the case here, even if opposite changes were observed, 509 indicating potentially conflicting effects of fishmeal and FO replacement in these two species. 510
Creatine kinase has a key role in muscle energetic metabolism and CK activity relates to the 511 oxidative capacity as well as contractile characteristics of muscle (Clark, 1994) 
